Incretins, the polypeptide hormone glucosedependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) secreted from the small intestine after nutrient ingestion, are generally known to stimulate insulin secretion from pancreatic β-cells. We previously demonstrated that triiodothyronine (T 3 ) stimulates osteocalcin synthesis at least in part through p38 mitogen-activated protein kinase in osteoblast-like MC3T3-E1 cells. In the present study, we investigated the effects of GIP and GLP-1 on T 3 -stimulated osteocalcin synthesis and the mechanism of action involved in MC3T3-E1 cells. GIP and GLP-1 markedly suppressed the T 3 -stimulated osteocalcin release. GIP and GLP-1 significantly attenuated the expression levels of osteocalcin mRNA induced by T 3 . The T 3 -stimulated transactivation activity of the thyroid hormone-responsive element was reduced by GIP and GLP-1. These results suggest that incretins repressed the T 3 -stimulated osteocalcin synthesis in osteoblast-like MC3T3-E1 cells, and the suppressive effect of incretins was mediated through transcriptional levels.
Introduction
Bone metabolism is strictly regulated by osteoblastic bone formation and osteoclastic bone resorption (1) . Bone tissue is continuously regenerated through a process known as bone remodeling. This bone remodeling process begins with osteoclastic bone resorption, followed by osteoblastic bone formation (1) . It is generally established that osteoblasts play a crucial role in the regulation of bone resorption through the expression of the receptor activator of nuclear factor κB ligand (RANKL) in response to a variety of bone resorptive stimuli (2) . Osteoblasts express various cell type-specific markers during their differentiation process. Osteocalcin, which is synthesized by osteoblasts and recognized as a marker of mature osteoblast phenotype, is the most abundant non-collagenous protein (3) . It is generally known that osteocalcin is post-translationally modified by vitamin K-dependent γ-carboxylation as bone Gla-protein (3) . It has been reported that osteocalcin-deficient mice develop an increase of bone formation without impairing bone resorption, suggesting that osteocalcin is a determinant of bone formation (4) . In addition, uncarboxylated osteocalcin functions as a potent hormone, which regulates energy metabolism by stimulating the insulin secretion from β-cells of pancreatic islets and upregulating the insulin sensitivity of peripheral organs such as muscle and adipose (5) . Thus, bone is currently recognized to act as an endocrine organ through the release of osteocalcin.
The thyroid hormone acts as an important regulator in the skeletal function as well as whole-body metabolism. An excess of thyroid hormone, known as hyperthyroidism, upregulates the bone metabolic turnover and increases the ratio of bone resorption to bone formation, resulting in osteoporosis associated with an increased risk of bone fracture (6) . It has been reported that bone mineral density is markedly decreased in untreated patients of hyperthyroidism (7) . The receptor of thyroid hormone belongs to the nuclear receptor superfamily (8) . The biological functions of the thyroid hormone are mainly mediated by binding to specific receptors in the nucleus, and that the receptor-hormone complex activates the transcription of related genes (9) . In osteoblasts, the thyroid hormone stimulates alkaline phosphatase activity and modulates the proliferation of osteoblasts (10) . Previously, we showed that triiodothyronine (T 3 ) stimulates osteocalcin synthesis at least in part via p38 mitogen-activated protein (MAP) kinase in osteoblast-like MC3T3-E1 cells and that the adenylyl cyclase-cAMP system regulates the osteocalcin synthesis via the suppression of p38 MAP kinase activation (11, 12) . However, the exact mechanism underlying the thyroid hormone-induced synthesis of osteocalcin remains to be elucidated.
Incretins, endogenous polypeptide hormones released from the small intestine in response to oral food intake, stimulate insulin secretion from pancreatic β-cells (13) . Glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1), which exert their effects by the specific guanine nucleotide-binding protein (G-protein)-coupled receptors highly expressed on pancreatic islet β-cells, are currently recognized as incretins (14) . Regarding the effects of incretins in bone, it has been shown that GIP stimulates the expression of collagen type I mRNA and alkaline phosphatase activity in osteoblasts (15) , and ameliorates the bone mineral density in ovariectomized rat established as a model of postmenopausal osteoporosis (16) . In addition, GLP-1 reportedly induces osteoblast differentiation (17) . However, the roles of incretins in bone metabolism have not yet been fully clarified.
In the present study, we investigated the effects of incretins, GIP and GLP-1, on T 3 -stimulated osteocalcin synthesis in osteoblast-like MC3T3-E1 cells. The results demonstrated that incretins suppressed the T 3 -stimulated osteocalcin synthesis in MC3T3-E1 cells, and the suppressive effect of incretins was mediated through transcriptional levels.
Materials and methods
Materials. T 3 was obtained from Sigma-Aldrich (cat. no. T2752; St. Louis, MO, USA). GIP (cat. no. 4178-v) and GLP-1 (cat. no. 4344-v) were purchased from Peptide Institute, Inc. (Osaka, Japan). The mouse osteocalcin enzyme-linked immunosorbent assay (ELISA) kit (cat. no. J64239) was obtained from Alfa Aesar; Thermo Fisher Scientific (Lancashire, UK). Other materials and chemicals were obtained from commercial sources. T 3 was dissolved in 0.1 M NaOH. The concentration of NaOH was 10 µM, which did not affect the assay for osteocalcin.
Cell culture. Cloned osteoblast-like MC3T3-E1 cells derived from newborn mouse calvaria were maintained as previously described (18, 19) . Briefly, the cells were cultured in α-minimum essential medium (α-MEM) containing 10% fetal bovine serum (FBS) at 37˚C in a humidified atmosphere of 5% CO 2 /95% air. The cells were seeded in 35-mm diameter dishes (5x10 4 cells/dish) or 90-mm diameter dishes (2x10 5 cells/dish) in α-MEM containing 10% FBS. After 5 days, the medium was exchanged for α-MEM containing 0.3% FBS. The cells were used for experiments following a 48-h incubation period at 37˚C.
Assay for osteocalcin. The cultured cells were stimulated by 10 nM of T 3 or vehicle in 1 ml of α-MEM containing 0.3% FBS for the indicated periods. When indicated, the cells were pretreated with various doses of GIP or GLP-1 for 60 min. The conditioned medium was collected at the end of incubation, and the osteocalcin concentration in the medium was then measured using the mouse osteocalcin ELISA kit according to the manufacturer's protocol.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The cultured cells were pretreated with 100 nM of GIP, 100 nM of GLP-1 or vehicle for 60 min, and then stimulated with 10 nM of T 3 or vehicle in α-MEM containing 0.3% FBS for 48 h. Total RNA was isolated and reverse transcribed into complementary DNA using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Beijing, China) and Omniscript Reverse Transcriptase kit (Qiagen Inc., Valencia, CA, USA), respectively. RT-qPCR was performed in capillaries using a LightCycler system with the LightCycler FastStart DNA Master SYBR-Green I (Roche Diagnostics, Basel, Switzerland). Sense and antisense primers were synthesized based on the reports of Zhang et al for mouse osteocalcin and Simpson et al for mouse GAPDH (20, 21) . The amplified products were determined using a melting curve analysis according to the system protocol. The osteocalcin mRNA levels were normalized to those of GAPDH mRNA.
Luciferase reporter assay. A reporter plasmid, pDR4 (thyroid hormone response element)-Luc was purchased from Stratagene (Santa Clara, CA, USA). The cultured cells were pretreated with 100 nM of GIP, 100 nM of GLP-1 or vehicle at 6 h after transfection with the pDR4-Luc reporter plasmid (1 µg/dish) using UniFector transfection reagent (B-Bridge International, Inc., Santa Clara, CA, USA). After the pretreatment (60 min) with GIP or GLP-1, the cells were stimulated by 10 nM of T 3 or vehicle for 48 h. The samples were lysed by passive lysis buffer (Promega Corp., Madison, WI, USA), and obtained using a cell scraper. The measurement of the luciferase activity of the cell lysates were performed using a dual luciferase reporter assay system (Promega Corp.) according to the manufacture's protocol. The cells were cotransfected with pRL-CMV (Renilla luciferase; 0.1 µg/dish) as an internal standard to normalize transfection efficiency.
Statistical analysis. The data were analyzed by analysis of variance followed by Bonferroni method for multiple comparisons between pairs. P<0.05 was considered to indicate a statistically significant difference. The data are presented as the mean ± SEM of triplicate determinations from three independent cell preparations.
Results
Effect of GIP on the T 3 -stimulated osteocalcin release in MC3T3-E1 cells. We previously reported that T 3 stimulates the synthesis of osteocalcin from 48 to 96 h after stimulation in osteoblast-like MC3T3-E1 cells (11) . In the present study, we first examined the effect of GIP, one of the incretins, on the T 3 -stimulated osteocalcin release in MC3T3-E1 cells. GIP, which alone did not affect the basal levels of osteocalcin, significantly reduced the T 3 -stimulated osteocalcin release (Fig. 1A) . The suppressive effect of GIP on the T 3 -stimulated osteocalcin release was observed in the range between 0.03 and 100 nM (Fig. 1B) . GIP at 0.03 nM caused an ~50% decrease in the T 3 -effect.
Effect of GLP-1 on the T 3 -stimulated osteocalcin release in MC3T3-E1 cells.
The effect of GLP-1, another incretin, was examined on the T 3 -stimulated osteocalcin release in MC3T3-E1 cells. GLP-1, which by itself did not affect the osteocalcin release, time-dependently reduced the release of osteocalcin from 48 h after the T 3 stimulation ≤96 h ( Fig. 2A) . The inhibitory effect of GLP-1 on the T 3 -induced osteocalcin release was observed in the range between 1 and 100 nM (Fig. 2B) . A total of 10 nM of GLP-1 caused an ~60% suppression in the T3-effect.
Effects of GIP or GLP-1 on the T 3 -induced expression of osteocalcin mRNA in MC3T3-E1 cells.
In order to clarify whether the suppressive effects of incretins on the T 3 -stimulated osteocalcin release are mediated through transcriptional events or not, we examined the effects of GIP or GLP-1 on the T 3 -induced expression levels of osteocalcin mRNA by RT-qPCR. Although GIP by itself had little effect on the levels of osteocalcin mRNA, it significantly attenuated the expression levels of osteocalcin mRNA induced by T 3 (Fig. 3) . In addition, GLP-1 reduced the T 3 -induced osteocalcin mRNA expression ( Fig. 3 ).
Effects of GIP or GLP-1 on the T 3 -stimulated transactivation activity of thyroid hormone responsive element in MC3T3-E1
cells. The thyroid hormone receptor belongs to the nuclear receptor superfamily (8) . Therefore, we examined the effects of incretins on the T 3 -stimulated transactivation of thyroid hormone responsive element in osteoblast-like MC3T3-E1 cells using a luciferase reporter assay. GIP markedly decreased the T 3 -upregulated transactivation activity (Fig. 4) . In addition, GLP-1 significantly attenuated the transactivation activity stimulated by T3 (Fig. 4) .
Discussion
GIP and GLP-1 are the two primary incretins secreted from the small intestine in response to ingestion of glucose or nutrients, resulting in the stimulation of insulin secretion from pancreatic β-cells (13) . Regarding the effects of incretins on bone metabolism, it has been reported that GIP stimulates osteoblast differentiation via its binding to GIP-specific receptors expressed in osteoblasts (15) . On the other hand, GLP-1 reportedly affects receptors expressed in thyroid parafollicular cells, resulting in upregulated synthesis of calcitonin and suppression of osteoclastic bone resorption (22) . In the present study, we demonstrated that GIP and GLP-1 significantly suppressed the T 3 -stimulated osteocalcin release in osteoblast-like MC3T3-E1 cells. In addition, GIP and GLP-1 markedly reduced the expression levels of osteocalcin mRNA upregulated by T 3 . The biological functions of the thyroid hormone, one of the nuclear receptor superfamily, are mediated by binding to specific receptors in nucleus, and that the receptor-hormone complex subsequently activates the transcription of target genes (9) . Thus, we examined the effect of incretins on the T 3 -stimulated transactivation activity of thyroid hormone responsive element assessed by a luciferase reporter assay in osteoblast-like MC3T3-E1 cells. We showed that GIP and GLP-1 significantly attenuated the T 3 -stimulated transactivation activity. Taking our findings into account, it is most likely that incretins reduce the T 3 -stimulated synthesis of osteocalcin at a point upstream of the gene transcription in osteoblast-like MC3T3-E1 cells.
Regarding the intracellular mechanism of incretins, the specific receptors for GIP or GLP-1, which belong to GTP-binding protein-coupled receptors, couple to adenylyl cyclase-activating Gs, leading to the production of cAMP (23) . With regard to osteoblasts, it has been reported that both GIP and GLP-1 truly increase the intracellular cAMP levels (15) . We have previously demonstrated that p38 MAP kinase is involved at least in part in the T 3 -stimulated osteocalcin synthesis in osteoblast-like MC3T3-E1 cells and that the adenylyl cyclase-cAMP system regulates the osteocalcin synthesis via the suppression of p38 MAP kinase activation (11, 12) . Based on these findings, it is possible that incretins suppress the T 3 -stimulated osteocalcin synthesis at least in part via activation of the adenylyl cyclase-cAMP system in MC3T3-E1 cells. Further investigation is necessary to elucidate the exact mechanism of incretins in osteoblasts.
Osteocalcin is produced specifically in mature osteoblasts, and embedded in bone matrix (3) . The Gla residues contained in osteocalcin are critical for the function of osteocalcin, and the osteocalcin with their fully carboxylated state binds to hydroxyapatite with a high affinity, resulting in the maintenance of calcification (3). Since osteocalcin-deficient mice reportedly present higher bone mass with strength, osteocalcin is considered a determinant factor of bone formation (4) . As for incretin-effects on bone metabolism, it has been reported that incretins have inhibitory effects on bone resorption (22, 24) . Based on the present findings showing the inhibition by GIP or GLP-1 of the T 3 -stimulated osteocalcin synthesis in osteoblasts, it is probable that incretins upregulate bone formation by reducing the osteocalcin levels. In addition, recent evidence suggests that osteocalcin acts as a potent bone-derived hormone, resulting in regulating glucose utilization and energy expenditure in myocytes and adipocytes, and stimulating insulin secretion from pancreatic β-cells (5, 25) . Taking these findings into account, it is possible that incretins regulate whole energy metabolism by modulating osteocalcin synthesis in osteoblasts. Additionally, GIP and GLP-1 stimulate insulin secretion from pancreatic β-cells (13, 14) . Therefore, incretins may play dual roles in the regulation of whole body energy metabolism through osteocalcin synthesis in osteoblasts and insulin secretion in pancreatic β-cells. Further investigations are required to clarify the detailed roles of incretins in bone metabolism.
In conclusion, our present findings strongly suggest that incretins inhibit the T 3 -stimulated osteocalcin synthesis in osteoblasts, and the suppressive effect of incretins is mediated through transcriptional levels.
